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Abstract 
In a crosswind scenario, the risk of high-speed trains overturning increases when they run on viaducts since the aero-
dynamic loads are higher than on the ground. In order to increase safety, vehicles are sheltered by fences that are 
installed on the viaduct to reduce the loads experienced by the train. Windbreaks can be designed to have different 
heights, and with or without eaves on the top. In this paper, a parametric study with a total of 12 fence designs was 
carried out using a two-dimensional model of a train standing on a viaduct. To asses the relative effectiveness of sheltering 
devices, tests were done in a wind tunnel with a scaled model at a Reynolds number of I x 10s, and the train's aero-
dynamic coefficients were measured. Experimental results were compared with those predicted by Unsteady Reynolds-
averaged Navier-Stokes (URANS) simulations of flow, showing that a computational model is able to satisfactorily predict 
the trend of the aerodynamic coefficients. In a second set of tests, the Reynolds number was increased to 12 x 10 (at a 
free flow air velocity of 30m/s) in order to simulate strong wind conditions. The aerodynamic coefficients showed a 
similar trend for both Reynolds numbers; however, their numerical value changed enough to indicate that simulations at 
the lower Reynolds number do not provide all required information. Furthermore, the variation of coefficients in the 
simulations allowed an explanation of how fences modified the flow around the vehicle to be proposed. This made it 
clear why increasing fence height reduced all the coefficients but adding an eave had an effect mainly on the lift force 
coefficient. Finally, by analysing the time signals it was possible to clarify the influence of the Reynolds number on the 
peak-to-peak amplitude, the time period and the Strouhal number. 
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Introduction 
The effect of crosswinds over trains has become an 
important topic in recent years as train velocities 
have increased and the tendency of designers has 
been to lighten vehicles. Because it is a matter of 
safety, the topic is relevant to the scientific community 
and subject to study. The goal of increasing velocity is 
to make rail transportation competitive against other 
means of transport; therefore, it is vital that the prob-
lem is addressed and solutions are proposed. 
High-speed lines are designed to minimize curves: 
they are built with as many kilometres of straight 
stretches as possible, and when turnouts are needed, 
the radius of the curve is maximized. This means that 
a large number of bridges have to be constructed in 
order to cross valleys, and many embankments are 
needed to make the terrain on which the rail is built 
uniform. It is widely known that wind velocity 
increases as the distance to the surface increases; 
thus, under the same wind conditions, a train will 
have to withstand higher wind loads on a bridge 
than on flat terrain. In order to protect the vehicle 
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so it can run without reducing velocity, windbreaks, 
such as fences, are currently being installed on bridges 
and other locations which are exposed to the wind. 
These fences reduce wind loads and protect the train 
from the wind by redirecting most of the flow over the 
vehicle, thus making its operation safer. There are 
several kinds of windbreaks: solid or porous, with dif-
ferent heights and with or without eaves. All these 
configurations have the same goal, to protect the 
train, but each of them does it by modifying the 
wind flow in a different way. 
The research community at the TRANSAERO 
project1 contributed to the study of windbreaks by 
performing computational fluid dynamics (CFD) 
simulations, wind tunnel experiments and on-track 
tests. Most of the project's work focused on tracks 
built on embankments and it was a breakthrough in 
the state-of-the-art of the topic. However, more 
research needs to be undertaken, mainly on the prob-
lem of running trains over bridges. Several studies 
based on experimental tests in wind tunnels2 5 have 
looked at the behaviour of the air flow when it 
encounters a bridge that does not have windbreaks, 
studying the effect of the Reynolds number on the 
calculation of the aerodynamic coefficients and on 
the vortex shedding phenomenon that appears on 
the leeward side of bridges. A CFD model of a 
bridge was used by Mannini et al.6 in Unsteady 
Reynolds-averaged Navier-Stokes (URANS) simula-
tions that were performed to validate an experiment. 
Wind tunnel tests on a two-dimensional model of a 
bridge were performed by Avila-Sanchez et al.7 to 
study how fences influence the turbulence intensity 
at the catenary contact wires. However, only a few 
studies focus on the vehicle. Bettle et al.8 analysed 
the problem of a trailer on a bridge using three-
dimensional CFD simulations. Diedrichs9,10 per-
formed CFD computations and discussed in detail 
the aerodynamics of high-speed trains. Cheli et al.11 
used wind tunnel tests to prove that for a Reynolds 
number (Re) up to 1 x 106, force coefficients are 
slightly sensitive to changes in Re for the case of a 
train running on a track equipped with fences. 
Barcala and Meseguer12 studied the effect of parapets 
on the aerodynamic loads experienced by a vehicle on 
a bridge using two-dimensional tests carried out in a 
wind tunnel. They showed that fences are able to sig-
nificantly reduce the wind loads that the vehicle 
withstands. 
When designing a new wind fence, the influence of 
parameters such as the height and length of the eaves, 
if there are any, needs to be tested in order to decide 
which designs are the most appropriate to safeguard 
the train from the wind in a particular scenario. Tests 
can be done in a wind tunnel since the literature 
proves it to be a valid method; however, the costs of 
running these experiments are high and using a wind 
tunnel may also not be the most effective approach 
since each study requires a particular mock-up be 
built. In addition, the Reynolds number that can be 
achieved in experimental tests is limited by the size 
and the power of windtunnels, which makes it 
almost impossible to represent real wind conditions. 
In recent years, CFD has appeared as a suitable alter-
native to wind tunnel tests because it is able to simu-
late flow accurately and allows real wind conditions to 
be reproduced. 
This paper analyses the relative effectiveness of solid 
wind fences that are built on a bridge to decrease the 
aerodynamic loads that might result in a vehicle over-
turning in strong wind conditions. In the scope of a 
two-dimensional study, this work discusses the design 
parameters offences, i.e. fence height and eave length, 
along with how such fences modify the flow structure 
since fences determine the difference in pressure on the 
surface of the vehicle and thus the aerodynamic coef-
ficients. This methodology is shown to be valid and it 
can already be found in the literature, as in, Barcala 
and Meseguer12 and Sanz et al.13 
The analysis will be made from the point of view of 
whether the vehicle is more protected and whether 
loads over it are lower. The method applied herein 
makes it possible to disregard any fence geometry 
that does not result in a significant reduction of the 
loads on the bluff body. However, this study does not 
discuss how fences modify the wake around a high-
speed train since a three-dimensional study is required 
for that purpose. 
Tests at a Reynolds number Re x 1 x 105 were per-
formed in a wind tunnel to check the computational 
model. Results show that the CFD model satisfactor-
ily reproduces the trends of the coefficients that were 
measured in wind tunnel tests. Simulations were per-
formed again increasing the Reynolds number to 
Re x 12 x 106 to simulate strong wind conditions. 
The problem must be studied using URANS equa-
tions because there is a vortex shedding phenomenon 
that forces the study to go beyond steady state 
simulations. The influence of the fence design on the 
frequency and peak amplitude of the time histories of 
the aerodynamic coefficients is also studied. 
Finally, by comparing the simulations at both 
Reynolds numbers it is possible to analyse the trend 
and the numerical value of the aerodynamic coeffi-
cients taken at two different wind velocities. 
Problem description and definitions 
CFD model 
Geometry, flow domain and boundary conditions. The 
high-speed vehicle used in this study was the 
RENFE Class 120 from the Spanish train manufac-
turer CAF. After being pre-processed in CAD soft-
ware, the real cross-sectional shape of a passenger 
coach and a typical section of a bridge were intro-
duced into the computational model in real scale 
(see Figure 1). 
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Since the aim of this paper is to analyse the influ-
ence of solid fences, it was necessary to parameterize 
them by height, ht, and the length of the eave, le. Four 
fence heights were tested: ht= 1250, 1750, 2250 and 
2750 mm. Three eave lengths were also considered: no 
eave, /e = 500 and 750 mm. In addition to the scenario 
where no fence is installed, a total of 12 different fence 
designs were considered. 
The train was located at the critical side, i.e. the 
windward side, of a double-track bridge since that is 
the side where the train is most exposed to wind. At 
the leeward side, the shielding effect of the fences 
increases and so wind loads over the vehicle are 
lower.12 
The aerodynamic loads per unit length, drag force 
(D), lift force (L) and roll moment (MQ) are calculated 
at the centre of the carbody (see Figure 1). Mv is the 
moment around the leeward rail, which measures the 
turnover of the vehicle caused by crosswinds loads. It 
assesses the efficiency of the parapets against over-
turning in a single coefficient since it takes into 
account the contribution of all the aerodynamic 
loads. The vehicle will be at risk of overturning 
when the restoring moment due to the vehicle's 
mass does not keep the vehicle in equilibrium. 
In this paper, the dimensionless aerodynamic force 
coefficients, Cd and Q, and the moment coefficient, 
CmQ, are calculated according to standard fluid 
dynamics formulas. For these coefficients, the train's 
width (W) and height (H) are used 
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where Uoo is the free flow air velocity and p the air 
density. 
Figure I. Main vehicle and bridge dimensions in the CFD 
model. Definition of fence height (hf), eave length (/e), carbody 
height (H) and carbody width (W). 
The Reynolds number (Re = (Uoo x Lc)/v) was cal-
culated with the kinematic viscosity of the fluid, v, (see 
the section 'Flow assumptions, turbulence model and 
numerical considerations') and by considering as the 
characteristic length, Lc, the distance from the top of 
the coach to the bridge base (8.5 m). The Strouhal 
number, which is a dimensionless number that 
describes the oscillations of the flow, was used to ana-
lyse the vortex shedding. It is denned as St = (fx Lc)/ 
Uoo, where/is the frequency of the vortex shedding. 
Cmv is determined by calculating a simple force 
and moment equilibrium at the position of the lee-
ward rail 
2 W 2 W 
where b0 is the distance between contact points 
(1.5m). An analysis of the equation shows that the 
effect of the roll moment is relatively small. 
The computational domain was two-dimensional 
and represented by a rectangle (Figure 2). To repro-
duce wind tunnel tests, a uniform profile was imposed 
at the inlet boundary. Depending on the simulation 
type, the velocity value can be 0.22 m/s (Re « l x 105) 
to reproduce wind tunnel tests or 30 m/s 
(Re x 12 x 106) to represent strong wind conditions. 
The turbulence intensity was 3% and the turbulence 
viscosity ratio had a value of five. The latter is the 
ratio between the turbulent viscosity, which is a prop-
erty of the flow, and the viscosity of the fluid. At the 
outlet, a constant pressure boundary was adopted. 
Finally, for the top and bottom faces a symmetry 
condition was selected (see Figure 2). The exter-
nal borders of the domain are far enough apart to 
simulate the free flow condition. The blockage 
factor of the computational domain was 0.04, which 
ensured that the distortion of the flow was reduced to 
a minimum. 
The two-dimensional approach used in this paper 
is valid for fulfilling the objective of this paper, which 
is to compare different wind fence designs and to 
determine which features (fence height and eave 
length) are more important from a safety perspective, 
by comparing fences to each other. Three-dimensional 
calculations provide the best approach to real 
Figure 2. Non-scaled representation of the CFD domain. 
Dimensions are given in terms of the height of the 
cross-section of the bridge plus the vehicle (S). The boundary 
conditions are in grey. 
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phenomena since they are able to represent the wake 
formed by the train's nose, which determines behav-
iour against crosswinds. However, they are not the 
most efficient way if one wants to complete a para-
metric study. These kinds of calculations require 
extensive computational resources and they are 
costly in most cases because of the time it takes to 
obtain a set of results. 
Two-dimensional simulations are a useful tool for 
comparing the relative effectiveness of the wind fences 
and for measuring the efficiency of train sheltering. 
When there is a set of wind fences and one wants to 
select a few from among the set in order to carry out a 
detailed study in three dimensions, two-dimensional 
simulations are sufficient. 
Flow domain discretization. The flow domain (see 
Figure 2) was meshed with quadrilateral elements, 
ranging from 1.5 x 106 elements in the no-fence scen-
ario to 2.5 x 106 elements in the scenarios where 
fences with eaves were installed. The mesh is non-uni-
form, meaning that the element size grows as the cell 
gets further from the area surrounding the vehicle and 
bridge. Mesh quality was measured in terms of a value 
(equiangle skew) which measures their angular distor-
tion (zero: no distorted and one: highly distorted). 
The equiangle skew average of the whole domain 
was near zero, i.e. 1 x 10"5. In the area surrounding 
the vehicle and bridge, more than 99% of the elements 
in that area had an equiangle skew below 0.3. 
A layer of fine cells in the vicinity of the carbody 
was included. The first element of this layer was 
0.25 mm in height to accurately solve velocity gradi-
ents and to keep the non-dimensional distance from 
the wall, y +, below 30 at the highest Reynolds 
number. No layers were included around the bridge 
because this study was not focused on the analysis of 
the wind loads on the bridge, but elements were kept 
sufficiently small to represent the flow accurately. 
To make sure that the results were independent of 
the mesh, the scenario in which the vehicle stands on 
the bridge without any fence was meshed again. The 
refinement ratio was 1.25, resulting in a variation of 
the aerodynamic coefficients below 2% at both Re 
values used in this study. After the refinement and 
the quality check, it was concluded that the mesh 
was good enough to carry out the study. 
Flow assumptions, turbulence model and numerical 
considerations. The numerical calculations were made 
with the commercial CFD software package Ansys 
Fluent14 with a pressure-based solver. The flow was 
assumed to be incompressible and isothermal. The air 
properties used were those for the standard conditions 
with a density of 1.225 kg/m3 and a kinematic viscos-
ity, v, of 1.7894 x 10"5kg/(m-s). 
The air flow was considered to be turbulent, 
and the two-equation k — s turbulence model was 
chosen. The three versions of the model: Standard, 
Realizable and RNG were tested with the scenario 
where the train is unsheltered. The obtained results 
showed that the Standard version fitted the data 
better than the others when they were contrasted 
with the tests carried out in the wind tunnel; therefore, 
this was the model that was used in the simulations. 
In spite of having constant boundary conditions at 
the inlet, the nature of the problem is transient since 
when there is a bluff body inside an air stream, a 
vortex shedding phenomenon emerges. The conver-
gence criterion was to reach the periodic regime, so 
the method consisted in obtaining the time histories of 
the coefficients by providing enough cycles so that this 
state was guaranteed. Thus, when the value of the 
aerodynamic coefficient is presented for a certain 
scenario, it is given as the average in time. 
Each wind velocity value required a specific time 
step because the frequency of the vortex shedding 
phenomenon depends on Re; therefore, two time 
steps were needed. The step size was 1 s in the cases 
of Uoo = 0.22 m/s, whereas for C/oo = 30m/s it was 
0.02 s; this made it possible to drive the scaled resi-
duals to 10~6 in each time step. 
The pressure/velocity coupling was made in terms 
of the PISO algorithm.15 Second-order upwind 
numerical schemes were employed for the convective 
terms of momentum and turbulence magnitude 
equations.16 
Experimental model and setup 
Experimental tests in a wind tunnel were carried out 
by IDR/UPM, E.T.S.I. Aeronauticos, Universidad 
Politecnica de Madrid with the aim of checking the 
CFD model. The experimental setup sought to char-
acterize the aerodynamic loads on the coach's surface 
in order to calculate the aerodynamic coefficients that 
could be used to make a comparison with the results 
of the CFD model. This means that no conclusion 
was extracted from the test campaign other than test-
ing the CFD model. In order to fulfill this goal, an 
open-circuit wind tunnel with a closed test section was 
used to perform a set of two-dimensional tests. The 
wind tunnel's working section is 1.8 m high, 0.2 m 
wide and 1.2 m long. 
For the case study presented here and in order to 
reproduce the most important aerodynamic charac-
teristics, a scale of 1/50 was chosen for the whole 
mock-up. The geometry of the coach was simplified 
due to limitations of the mock-up manufacturing pro-
cess. It will later be shown that this results in differ-
ences between the experimental and CFD results. 
A Scanivalve Corp. pressure scanner, model 
ZOC33, with 128 pressure inputs, was used to meas-
ure the pressure on the model's surface. The train 
model was equipped with 48 evenly distributed pres-
sure taps near the mid-section (Figure 3), each them 
connected to the pressure scanner through pneu-
matic inputs. A pitot tube located upstream from 
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Figure 3. Mock-up of the vehicle and the bridge (left) and mock-up of the bridge with fences in the wind tunnel (right). 
the mock-up and near the top of the chamber was 
used to measure both the total and static pressures 
to determine the dynamic pressure of the air flow. 
The time average value corresponding to each pres-
sure tap was computed in order to determine the pres-
sure coefficient. The global aerodynamic coefficients 
were obtained by numerical integration of the pres-
sure coefficients on the model's surface. Different 
values for the sampling rate and the sampling period 
were checked to measure the pressure signal corres-
ponding to each pressure tap. After several observa-
tions, the selected sampling period was taken to be 
12 s since the average values of the coefficients did 
not change appreciably for larger sampling periods. 
The selected sampling rate was 100 Hz to fully capture 
the time history. 
The Reynolds number at which the tests were per-
formed was approximately 1 x 105 and the free flow 
speed was uniform and equal to 11 m/s within ± 1%. 
The free flow turbulence intensity was measured using 
a DANTEC (CTA module 90C10 and probe type 
55P16) hot wire anemometer system. EN 1991 1-4, 
Eurocode l17 gives recommendations for setting up 
the value of the free flow turbulence intensity, which 
is around 7% for the case of a location with a distance 
to the ground level that is similar to the case of a 
bridge. However, this standard was written for the 
study of the infrastructure and it does not cover the 
case of vehicles situated on it. Therefore, different 
values of turbulence intensity were checked in the 
range 3-10% by placing different grids at the begin-
ning of the working section. Measurements showed 
that larger values of turbulence intensity produced 
slightly smaller loads on the vehicle. The reason for 
this effect is that wind tunnel tests with low turbulence 
levels create a more severe condition since the average 
of the experimental loads is higher.18 However, these 
differences are not significant since the bridge itself 
perturbs the flow enough to reduce the impact of 
this parameter.7 In this context, the selected value 
for the turbulence intensity was 3% since the safety 
margin is increased as actual loads are expected to be 
lower. No atmospheric boundary layer was repro-
duced since the height at which the vertical velocity 
gradient changes significantly is much larger than the 
height of the parapet. 
Due to the limited dimensions of the test section, 
the blockage factor was close to 0.14, which can be 
considered to be high. As a result of the blockage 
effect, the velocity of the airstream around the 
model increased slightly, which amplified the loads 
that the model withstood. Typical increases in the 
aerodynamic coefficients in this kind of experiment 
are expected to be 15%, so the coefficients were 
corrected. Two-dimensional tests may require correc-
tions due to the growth of a boundary layer in the 
tunnel as a consequence of the size of the mock-up 
and wake blockage caused by the model.19 The 
growth of boundary layers on the tunnel walls modi-
fies the static pressure along the wind tunnel. For 
bodies whose longitudinal dimension is much larger 
than the vertical dimension, the effect is an increase in 
the aerodynamic resistance. Since the dimensions of 
the considered model are similar in both directions, 
this correction was not considered. Solid blockage 
corrections as well as wake corrections were applied 
based on the work of Barlow et al.20 However, cor-
rections are based on empirical considerations, and 
thus the uncertainty in including the blockage effects 
can be considered an explanation for the disagreement 
between the experimental and computational values 
of the aerodynamic coefficients. 
Results 
The main goal of this section is to study the influence 
of fences and the wind flow around the vehicle. First, 
the CFD model was checked with the tests carried out 
in the wind tunnel at Re x 1 x 105. Afterwards, the 
discussion presented here focuses on the fence design 
at Re x 12 x 106 because the conditions it represents 
are closer to the real exposure of a train on a bridge 
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Figure 4. Comparison between the wind tunnel tests (WT) and computational results (CFD) for the given cases. 
under strong crosswinds. However, it will be shown in 
the section 'Testing the CFD model' that the aero-
dynamic coefficients have the same trend with both 
Re values. The transient regime of the problem was 
analysed by looking at the time signals of the coeffi-
cients calculated with the simulations at the highest 
Reynolds number. Then, the average values of the 
aerodynamic coefficients of the train coach were stu-
died in order to find the most effective fence. At this 
point, conclusions regarding the fence construction 
parameters (h{ and /e) were extracted. The flow 
around the vehicle and the bridge was observed in 
detail, establishing differences between the two wind 
velocities under consideration in this study. Finally, 
the vehicle coefficients from simulations with the two 
Reynolds numbers were compared, in order to deter-
mine whether Re influences the values of the 
coefficients. 
Testing the CFD model 
Wind tunnel tests were performed to check the CFD 
model and given the purpose of this paper only the 
mean values of the aerodynamic coefficients are 
provided. 
According to the results presented in Figure 4, the 
CFD simulations satisfactorily predict the trends of 
the aerodynamic coefficients that were measured in 
wind tunnel tests. In general terms, the CFD model 
provides lower values for all the aerodynamic coeffi-
cients, the only exception being the case where the 
vehicle was not protected by a windbreak; in such a 
case CFD predicts higher values. There are three main 
causes that are expected to be sources of uncertainty: 
the turbulence model used in the CFD, the simplified 
geometry of the mock-up, and the wind tunnel block-
age. The well-known limitations of the employed 
TRANS turbulence model introduce uncertainty in 
the CFD model for all the computed cases. The car-
body of the mock-up does not exactly represent the 
true geometry of the vehicle but it does in the CFD 
model. The downside of the mock-up is flat whereas 
the true geometry has a low inclination angle. 
Moreover, the true lateral sides of the geometry are 
a succession of curves of different radii whereas the 
mock-up adopts the curves' envelope. This results in 
differences between the CFD model values and the 
experimentally obtained values for an unsheltered 
vehicle. A blockage can be the cause of obtaining 
larger differences between the computational model 
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Figure 5. Time signals for the calculated coefficients for the case where hf = 2250mm with an eave 750 mm (top) and a panoramic 
view of the scenario showing the turbulent viscosity (kg/ms) (bottom). Calculations carried out at Re x 12 x 10 . 
and the experimental tests in the cases of 
/zf=2250mm and /zf=2750mm. 
Additionally, the free flow velocity is constant in 
CFD studies whereas in the wind tunnel it has vari-
ations o f ± l % . The same applies to the turbulence 
intensity, where its value does not change in CFD 
but in tests it does so. However, the influence of the 
inlet conditions is expected to be low since the wind 
profile at the inlet is almost identical. 
For the drag coefficient (CJ), the difference between 
wind tunnel tests and simulations grows as the fence 
height increases. The computed coefficients of lift 
force (C/) and roll moment (Cmo) show the biggest 
disparity within the experimental tests on the config-
uration where the train was completely exposed to 
crosswinds. In the scenario where there is no fence 
to shelter the vehicle the coach reorients the flow, 
which makes it highly dependent on the carbody's 
geometry. Thus, as long as the geometry of the 
mock-up and the CFD model agree, the pressure dif-
ferences between top and bottom agree and so do the 
aerodynamic coefficients of the lift and roll moment. 
Note that, in the case of Cm0 the CFD model predicts 
reasonable well the effect of fences. 
In view of the comparison, it appears that the CFD 
simulations are able to predict reasonably well the 
value of Cmv extracted from the tests in the scenarios 
where the vehicle was unsheltered and when the fence 
height was 1250 and 1750mm. The difference 
increases in the case of the highest fence, which 
might be due to the larger effect of a blockage. Cmv 
presents a similar trend to Cj, simulations accurately 
predict the situation of the unprotected vehicle, but 
the inaccuracy increases with fence height. Although 
Cmo also determines Cmv, its near-zero value when the 
bridge is equipped with fences make it insignificant. 
It should be noted that having fences with eaves on 
top of them does not modify the presented conclusions. 
Simulations closely reproduce the difference between 
the geometry when the fence has no eave and the 
geometries when it does so. The computational 
model is in agreement with the experimental tests 
when adding an eave reduces the value of the 
coefficients but an increase in eave length has a very 
minor impact on the coefficients. In most cases, the 
CFD calculations predict smaller variations between 
the two eave lengths than the results obtained in 
the tests. 
In general terms, CFD simulations are able to rep-
resent the variations in the aerodynamic coefficients as 
a result of building fences with eaves. The CFD model 
is able to reproduce the trends of the coefficients, 
showing the effect of increasing the fence height and 
also adding an eave. However, the difference between 
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Figure 7. Two-dimensional aerodynamic coefficients of the vehicle Q, C(, Cmo calculated at Re x 12 x I06 
the measured and computed coefficients is larger in 
the cases of fences with a height of 2250 and 
2750 mm. The CFD calculations also match the 
effect of increasing the value of the parameter le 
from 500 to 750 mm, which appears to be low in 
both wind tunnel experiments and computed scen-
arios. Therefore, CFD is a suitable tool for perform-
ing a parametric study on fence design and analysing 
how the air flow is affected by it. 
Simulations reproducing strong wind conditions 
(Rex 12 x I06) 
Study of the time signals: Characteristics and influence of 
fences. In spite of having stationary inlet conditions, 
the problem under study does not have a stationary 
solution because of the vortex shedding phenomenon 
that appears at the leeward side of the bridge (see 
Figure 5). The flow develops until it reaches a periodic 
state. Vortices are influenced somewhat by the design 
of the fence and so they determine the aerodynamic 
characteristics of the bridge and the vehicle. 
Throughout this section the unsteadiness of the 
flow is discussed in terms of the time period and the 
peak-to-peak amplitude of the signals. The latter 
refers to the difference between the highest and 
lowest values of the signals in the measured time. 
The average value of the signals, which is the aero-
dynamic coefficient, will be discussed in the next 
section. 
In the cases of the drag and lift force coefficients, 
the peak-to-peak amplitudes have an order of 10~2 in 
all the considered scenarios, whereas the order of the 
roll moment coefficient is 10~3. In all fence configur-
ations, the highest peak-to-peak amplitude values are 
observed for the drag force coefficient, and the lowest 
for the roll moment coefficient. The peak-to-peak 
amplitude of the lift coefficient is somewhere in the 
middle of the other two coefficients, as shown in 
Figure 5. In terms of percentage, the peak-to-peak 
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Figure 8. Streamlines coloured with velocity (m/s) when Re x 12 x 10 . Fence hf = 2250mm without eave. 
amplitude of the drag coefficient represents around 
25% of the average value, 15% is the variation of 
the roll moment coefficient and 5% corresponds to 
the lift coefficient. However, it should be taken into 
account that Cm0 has near-zero values and thus small 
variations provide relatively big values of variation in 
percentage terms. If modifications to the parapet 
design are considered, the peak-to-peak amplitude 
changes without any clear trend. 
Time period is also important since it gives infor-
mation regarding the frequency of the vortex shedding 
phenomenon. No substantial changes between the 
periods of the coefficients are observed, so Figure 6 
shows how the different fence designs influence the 
period of the cycles through Q. The variation in per-
centage for the different configurations was calculated 
by taking as a reference the scenario in which the 
vehicle is unsheltered, in which case the time period 
(T) of the lift coefficient is 1.6 s (St x 1.1). Positive 
values mean that the period is longer compared with 
the reference case and negative values indicate shorter 
periods. In view of the results shown in Figure 6, there 
is no clear trend that relates the variation of ht and le 
with the time period. Although ht and le modify the 
period of the signals, such variations are small. The 
highest variation is observed in the configuration of a 
2250 mm fence without an eave, where the difference 
is 15%, which is equivalent to an increase of 0.24 s 
over the reference case. If the difference between the 
maximum and the minimum is calculated, the result 
is a variation of 22.5%, which involves a variation 
of 0.4 s. 
Effects of the fence design on the aerodynamic coefficients of 
the vehicle and the flow. Considering the same fence 
configurations as used in the experimental tests, 
Figure 7 shows the coefficients of vehicle aerodynam-
ics under strong wind conditions. The values of the 
aerodynamic coefficients decrease as fence height 
increases; leading to higher reductions when the 
fences are built with an eave on the top. Fences 
have a bigger impact on Q than on Cd, where the 
decrease of the lift coefficient value is higher in com-
parison with the drag or roll coefficients. In fact, the 
Cm0 decreases to zero when the smallest fence is con-
sidered (h{= 1250 mm) and its value remains constant 
despite changes in fence design. 
In the scenarios where the fences has no eaves, Cd 
drops from around 0.4 at the maximum (no fence 
scenario) to -0.4 at the minimum (fence where 
/zf=2750mm), as shown in Figure 7. Cd has a nega-
tive value with fences whose height is greater than 
1750 mm and have an eave as well as with fences 
whose height is greater than 2250 mm and do not 
have an eave. The obtained numerical values of Cd 
suggest that fences can reduce the drag force; how-
ever, at the same time they are able to produce suction 
forces (forces due to negative pressure values) as large 
as drag forces. What happens with the drag force is 
that on the windward side, fences reduce the pressure, 
which decreases as the fence height increases. This 
happens because a vortex between the fence and the 
windward side of the vehicle is observed to appear in 
the configurations where /zf=2250 and 2750 mm 
(see Figure 8). This vortex accelerates the flow, 
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Figure 9. Contours of mean pressure (Pa) (top) and mean velocity (m/s) (bottom) when Re x 12 x 10 . No fence (left), 
h f = 1250 mm (centre), hf = 2750mm (right). 
Figure 10. Contours of mean pressure (Pa) (top) and mean velocity (m/s) (bottom) when Re x 12 x 10 . Fence hf = 2250 mm. 
No eave (left) /e = 500mm (centre) /e = 750mm (right). 
contributing to a decrease in pressure at the windward 
side. At the leeward side, the pressure value is almost 
constant (see Figure 9) because a low-speed zone 
occurs when the vortex appears at the windward 
side. All these phenomena work together to decrease 
the pressure value and produce the same pressure dif-
ference between the windward and leeward sides as 
for the case of the vehicle being on the bridge without 
any fence 
As previously stated, the variation in Q is higher 
compared with that for Cd- whereas Cd changed from 
0.46 to -0.31, Ci went from 1.6 to 0.4. Thus, fences 
have a greater effect on the difference in pressure 
between the top and bottom of the vehicle than on 
the sides (see Figure 9). As the fence height increases 
suction at the top decreases, and the pressure also 
reduces at the bottom, though at a lower rate; as a 
result, the pressure difference is significantly reduced. 
When a fence is added, the flow deviates and the inter-
action between the main air stream and the windward 
side of the train gradually reduces when the fence 
height is increased. As long as the fence is low, the 
flow reaches the carbody of the vehicle near its 
bottom, which produces an acceleration of the flow 
to pass over the coach. This acceleration is high 
enough to accelerate the flow to 78 m/s for the config-
uration where the vehicle is unsheltered. An increase 
in the fence height helps the flow to pass over the 
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Figure I I. Two-dimensional aerodynamic coefficient of moment around the leeward rail (Cmv) of the vehicle calculated at 
Rex I 2 x I06. 
coach; as a result, the flow needs to accelerate less, 
which reduces the suction forces at the top of the 
vehicle. These suction forces are verified to be 
the main cause of the high values of Q, because the 
forces produces a large difference in pressure between 
the top and bottom of the carbody; as long as fences 
are able to change the flow direction over the carbody, 
Q decreases. 
Pressure at the bottom of the vehicle also needs to 
be taken into account to fully understand the behav-
iour of the lift coefficient. An airstream goes under the 
vehicle, which accelerates due to the reduction of the 
cross-sectional area, modifying the flow at the leeward 
side of the vehicle (Figure 8). The flow of the air-
stream is affected by fences; as they increase in 
height, the flow slows down; thus, the pressure at 
the bottom increases slightly. In addition, the flow 
under the coach is influenced by the suction that 
appears at the windward side when the fence height 
is /zf = 2250 and 2750 mm. In such cases the direction 
of the airstream goes from leeward to windward (see 
Figure 9), feeding the vortex that appears at the wind-
ward side. However, in spite of the airstream flowing 
in the opposite direction, the pressure under the coach 
does not change. 
It was previously stated that adding an eave to the 
fences reduces the value of the loads acting on the 
vehicle and thus the coefficients (see Figure 7). 
Nevertheless, the simulations show that despite 
increasing 4 from 500 to 750 mm, the coefficients 
change their value only slightly; therefore, the param-
eter /e does not seem to be very important, as the 
variation is almost zero. It should be noted that 
adding eaves has a greater effect on the lift force 
than on the drag and roll moment coefficients. In add-
ition, Q reaches zero in the case where the fence has a 
height /zf=2750mm and an eave. 
Figure 10 shows the pressure and velocity around 
the vehicle in the scenario where the fence height is 
ht =2250 mm. It compares the outcome of adding an 
eave and then the importance of the parameter le. 
Simulations show that the inclusion of eaves results 
in an additional decrease of the suction at the top of 
the vehicle, which decreases by around 0.3 (see 
Figure 7) the value of Q for a fence height of 
ht= 1750mm and above (see Figure 7). What the 
eave does is to produce an additional deviation of 
the flow so the main flow tends to gain distance 
with the coach as the value of 4 is higher, causing 
two opposite effects. On the one hand, the flow is 
reoriented by the eave, so it needs even less acceler-
ation to pass over the carbody; that makes the suction 
forces decrease, so Q reduces as well. On the other 
hand, an effect that has been predicted by other 
authors appears, which is that the flow has bigger 
values for the velocity at higher positions. This 
increases the turbulence at positions near the caten-
ary, which may result in the aero-elastic phenomenon 
of galloping of the cable.7 Nevertheless, increasing 4 
from 500 to 750 mm does not modify the direction of 
the flow enough to change the pressure field, so the 
aerodynamic coefficients decreases slightly. 
Looking at Figure 10 and the difference in pressure 
between the windward and leeward sides of the vehicle 
in the cases where the fences have an eave, it is clear 
that pressure decreases slightly at the windward side 
and the pressure value at the leeward side remains 
constant. This results in a small variation in Cd for 
both the cases of a fence with an eave and a fence 
without an eave, and the same thing happens between 
4 = 500 mm and 4 = 750 mm. 
Figure 11 shows the calculation of the moment 
coefficient around the leeward rail (Cmv). It shows 
that the value of Cmv decreases from 0.45 to 0.41 
when ht= 1250 mm, regardless of whether or not the 
fence has eaves; therefore, fences without eaves can 
only be considered efficient with heights of 
ht= 1750mm and above. With this configuration, 
Cmv decreases to -0.17 with /zf=2750mm. Fences 
built with eaves manage to decrease Cmv from 
around 0.4 to -0.34, mainly from the effect of the 
suction forces which were explained earlier, turning 
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Figure 12. Strouhal number calculated in all the scenarios and for the two Re values. 
Cd into negative values. In safety terms, this means an 
overturning moment as big as when the vehicle was 
unsheltered but in the opposite direction. However, 
this result appears to be influenced by the two-
dimensional space in which this study was performed. 
It is expected that high fences may produce suction 
forces but not as high as the ones predicted in these 
simulations. A three-dimensional study of this config-
uration should confirm and quantify the result. 
The effect on Cmv of adding an eave increases with 
fence height. Eaves do not produce any additional 
decrease in the coefficient for the case of the lowest 
fence; the efficiency of eaves grows as the height is 
increased and eaves reduce the value of Cmv by an 
additional 0.2 when h{= 2750mm. The final conclu-
sion with respect to eaves is that an increase in eave 
length from 500 to 750 mm does not improve safety 
conditions, since Cmv remains constant. 
The dependency of the aerodynamic coefficients 
on the Reynolds number 
The two-dimensional section of the vehicle plus the 
bridge under consideration in this study could also 
be classified as a more-or-less bluff body inside an 
airstream. In such cases, the Reynolds number is of 
vital importance since it can have a major influence on 
certain flow parameters. In light of the CFD results, 
this section studies what these magnitudes are, and in 
the case they are affected by Re, analyses whether the 
change is considerable. 
Effects on the time signals: Characteristics and influence of 
fences. The unsteadiness of the flow was discussed 
thoroughly in the section 'Study of the time signals: 
characteristics and influence of fences', in particular 
the time period and the peak-to-peak amplitude of the 
time signals. In this section, the influence of Re on the 
frequency of the vortex shedding phenomenon is stu-
died in terms of the time period (I) and the Strouhal 
number (St). The effect of Re on the peak-to-peak 
amplitude is also investigated. 
Re has a strong influence on the period of the coef-
ficients' signal. It was mentioned in the section 'Study 
of the time signals: characteristics and influence of 
fences' that for simulations carried out with 
Re x 12 x 106 the period is around 1.5 s. If the same 
scenarios are simulated with Re x 1 x 105, the period 
oscillates in the interval 225<T<250s, where the 
time period of the bridge without a fence is 238 s. If 
variations with respect to the case of an unsheltered 
vehicle are calculated in the simulations at 
Re x 1 x 105, by applying the methodology that was 
used for Figure 6, the maximum variation appears for 
the case offence whose parameters are /zf=2750mm 
and /e =500 mm. This variation is 7.5% and corres-
ponds to 20 s whereas the maximum difference at 
Rexl2xl06 is approximately 15%. Furthermore, 
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F i g u r e 13. Reynolds dependency of the aerodynamic coefficients Cd, Q, C„x 
Rex 12 x I06 . 
Difference between tests at Re = 9 l ,900 and 
the difference between the maximum and minimum 
values of the period is 25% at Re x 12 x 106 (see 
Figure 6), decreasing to 15% at Re x 1 x 105. 
Figure 12 shows the result of calculating St in all the 
cases considered in the present study arranged by Re. 
Analysing the results at each Re separately, it can be 
concluded that no clear trend exists between the fence 
design parameters and the Strouhal number. 
Furthermore, St behaviour changes when Re increases, 
which makes it impossible to analyse the effect of Re on 
St. The graph shows that St changes slightly between 
the two Re values. For simulations at a low Reynolds 
number (Re a l x 105) the St is always between 0.95 
and 1.10, whereas for simulations at Re x 12 x 106, it 
varies between 0.95 and 1.2. The small changes in St 
whenever Re, ht or le are changed makes it impossible 
to determine what changes happen in the flow to cause 
the variation in St. Lastly, by modifying a parameter of 
the fence design (h{ or /e), changes are smooth at 
Re x 12 x 105, whereas at Re x 12 x 106 they are not 
smooth. 
Regarding peak-to-peak amplitude, it is possible to 
add that for the three aerodynamic coefficients, their 
order at Re x 12 x 105 is the same as the ones 
presented in the section 'Study of the time signals: 
characteristics and influence of fences'. At low Re, 
peak-to-peak amplitude only represents 5% of the 
average value of Cd, Ci and Cm0, whereas at 
Rex\2x\06 the values are 25, 5 and 15%, 
respectively. 
Effects of the fence design on the aerodynamic coefficients of 
the vehicle and the flow. I t has been shown that Re has 
an influence on the period and the peak-to-peak amp-
litude of the coefficients' time signals. In this section, 
whether carrying out tests at a lower Re value alters 
the coefficients average value is assessed. 
Figure 13 shows the influence of Re on the numer-
ical results for Cd, Ci, Cm0 a n d Cmv. The analysis was 
performed by defining AC as the difference between 
the coefficient's average value at Re x 1 x 105 and at 
Re x 12 x 106; in this way, a positive value means that 
coefficients at the lower Re are higher. Thus, at 
Re x 1 x 105, Cd has higher values and Q has smaller 
values. According to these results, Cm0 c a n be con-
sidered to be independent of Re since the value 
changes by less than 0.04. The highest dependency 
on Re is observed in the configuration where there is 
no fence on the bridge, whereas the minimum depend-
ency is seen in the cases where the fence has its highest 
value, i.e. ht= 2750mm. In analysing the coefficients' 
trends and values, it is concluded that each one 
behaves differently. The drag force coefficient shows 
a variation in the range 0.16-0.36. The lift force coef-
ficient is highly dependent on Re. When the vehicle 
stands on the bridge without being protected by a 
fence, AC; reaches the maximum value of all coeffi-
cients, a difference of -0.5. If fences are added to 
the scenario, the coefficient tends to be more inde-
pendent of Re, the difference is almost zero when 
/zf=2750mm. 
The variation in Cmv is small, oscillating between 
0.1 and 0.2. It reaches its maximum value when 
/zf=2750mm and there is no eave, and the minimum 
appears in the case where ht= 1250 mm and there is 
no eave. In general terms, ACmv tends to have the 
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value of ACj, getting closer to it as the fence height 
increases since AC; also approaches zero. In calculat-
ing Cmv, the drag force coefficient prevails over Q and 
that is reflected here, too. Cm0 also has an influence on 
Cmv though it is shown in Figure 13 that Re has no 
effect on it. The fact that the value of ACmv is given 
mainly by the variation of Cd is easy to check in the 
'No Fence' case and in the configuration where 
/zf=2750 mm. When the vehicle is unprotected, the 
variation in Q reaches its maximum value; however, 
ACmv is clearly close to AC^, which is an indication of 
the effect of the drag force coefficient on Cmv. In add-
ition, ACmv almost has the same value as A Q when 
ht= 2750mm since in this case the variation in the lift 
and roll moment coefficients is almost zero, and thus 
only the drag force coefficient sets the value of ACmv. 
Eaves have a small influence on the conclusions 
presented in this section. Adding an eave results in a 
small increase in the dependence of Cd on Re in all the 
fence designs. The influence of Re relies on the fence 
height in the case of Q. For the small fences, ht= 1250 
and 1750 mm, adding an eave makes the coefficient 
more sensitive to Re but the opposite happens for 
the other two fence heights. Lastly, ACmv increases 
from 0.1 to approximately 0.2 in the cases where 
/zf=2250 and 2750 mm. What does not seem to be 
relevant in this matter is eave length since the vari-
ation in AC for every fence design is near zero in spite 
of having increased le from 500 to 750 mm. 
Conclusions 
This paper studied the relative effectiveness of wind-
breaks built on a bridge to protect trains. The prob-
lem did not have a stationary solution, thus it was 
studied in the time domain. A vortex shedding phe-
nomenon appeared despite having stationary inlet 
conditions. It was shown that a CFD approach is 
able to reproduce the overall trends of the aero-
dynamic coefficients with fence height and the pres-
ence of eaves in agreement with the experiments 
carried out in a wind tunnel. Moreover, it was 
shown that a CFD model that represents a vehicle 
on a bridge is a useful tool for carrying out a para-
metric study as an alternative to performing experi-
mental tests. 
Real wind conditions were simulated, which 
showed that the fence design modifies the flow and 
thus the efficiency of the protection. When fence 
height increases, wind loads are reduced but fences 
must be high enough to provide the protection 
needed to safeguard the train's running. Results 
showed that fences are able to modify the flow in 
such a way that suction forces that are as large as 
drag forces can appear when the fence height is 
large. This effect is enhanced with the inclusion of 
an eave. The CFD model showed that fences had a 
more significant influence on lift force than on drag 
force, and the roll moment approached zero when any 
fence was installed. The presence of an eave slightly 
increased the shielding effect of fences, and it had a 
higher impact on the lift force coefficient than on the 
others. Furthermore, simulations and experiments 
showed that there is no difference between the scen-
arios whether the eave length was 500 or 750 mm. 
With the cross-sectional area of the vehicle plus the 
bridge being a more-or-less bluff body, the aero-
dynamic properties changed with Re. The vehicle 
coefficients followed the same trend with the two 
Reynolds numbers used in the simulations; neverthe-
less, the numerical values changed sufficiently to con-
sider that the simulations carried on at Re x 1 x 105 
are not enough to decide which fence design is the best 
in conjunction with the information from the wind 
tunnels tests. The Cd value decreased around an aver-
age of 0.31 when simulations were performed at 
Re x 12 x 106. Cm0 
was independent of Re, and the 
behaviour of Q depended on the fence design. 
Changes in Re also slightly affected St since the 
result of the comparison gave relatively similar 
values in spite of the increased Re value. 
Nevertheless, when the frequency of the coefficients 
was studied in terms of the period of the coefficients' 
signals, their value decreased from around 250 s when 
simulations were carried out at Re x 1 x 105 to 1.5 s 
when Re was 12 x 106. 
This parametric study using two-dimensional 
models needs to be complemented by specific three-
dimensional calculations in order to provide the full 
three-dimensional flow and consequently a good esti-
mation of actual wind forces with different fence char-
acteristics. The computational effort of such models is 
high so that parametric studies are generally not 
affordable. 
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